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SUMMARY 
A lot of research has been done to enable self-powered wireless electronic devices. 
One of the most studied methods is the conversion of ambient vibrational energy into low-
power electricity. The drastic decrease in power requirements of wearable electronics and 
sensors over the past decade makes the wearable devices industry a great test bed for this 
research. The growing interest in health and fitness monitoring, or even performance 
trackers in different sports provides many applications for this research. Smart flooring 
systems with Internet of Things integration have also received increased interest for 
tracking, security, and healthcare application. This work explores the potential of human-
scale motion energy to enable self-powered sensor networks for on-body devices and 
potentially for indoor and outdoor smart flooring concepts. Electromechanical models are 
developed and analyzed for energy harvesting from base-excited and plucked bimorph 
piezoelectric cantilevers, as well as direct force excitation of curved unimorph harvesters. 
This thesis discusses the development and experimental validation of these models. Using 
measured human body acceleration and forces, the potential for energy harvesting from 
human motion using piezoelectric harvesters is quantified through experiments and model 
simulations. 
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CHAPTER 1. INTRODUCTION 
1.1 Vibrational energy harvesting 
The conversion of ambient vibrational energy into low-power electricity for 
enabling self-powered wireless electronic components has been widely researched over the 
last decade [1-6]. The domain of wearable electronics and sensors is also a growing field 
of research, with special focus on applications like fitness and health monitoring as well as 
wearable equipment that tracks performance in sports. Depending on usage amount, current 
consumer electronics with wireless communication functionality have an average power 
consumption between 17.7 mW and 110 mW, with a total energy consumption between 
1529 J and 9504 J over the course of a 24 hour period [7]. Table 1 shows the peak power 
requirement of various electronic devices[8]. Energy harvester technologies target devices 
in the 10 nW to 100 mW range of power consumption. Additionally, smart flooring systems 
with Internet of Things integration are receiving increased interest for tracking, security 
and healthcare applications.  This work explores the intersection of these emerging fields 
– the potential of human-scale motion energy to enable self-powered sensor networks for 
on-body devices and even indoor and outdoor smart flooring concepts. 
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Table 1 – Peak power requirements for various electronic devices [8] 
 Electronic Device Peak Power Electronic Device Peak Power 




Watch/Calculator 1 μW GPS 100 mW 
RFID Tag 10 μW GSM Cell Phones 1 W 




1 mW Power tools 100 W 
The methods of vibration-to-electric energy conversion include electromagnetic [9, 
10], electrostatic [11, 12], and piezoelectric [13-17] transduction techniques. The use of 
magnetostriction [18, 19], electroactive polymers [20, 21], electret configurations [2, 22] 
and even flexoelectricity [23, 24] have also been explored. Due to the large power density 
of piezeoelectric materials and relative ease of application, piezoelectric transduction has 
received the highest attention of these techniques. The voltage outputs in electromagnetic 
energy harvesting are usually very low which limits the ability to charge a storage 
component which necessitates multi-stage post-processing to reach a usable input voltage 
or charge. Size of the harvester quickly becomes a limitation for generating usable levels 
of power. In piezoelectric energy harvesting, however, usable voltage output can be 
obtained directly from the harvester, and through different harvesting architectures the 
excitations can be tuned to maximize the electrical output from the same volume of 
harvester. Piezoelectric devices can also be fabricated in micro-scale applications using 
well established thick and thin-film fabrication techniques [3]. 
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1.2 Piezoelectric energy harvesting using human motion 
Many research groups have explored human motion energy harvesting using 
piezoelectric transduction. In early literature, Shenck and Paradiso [15] investigated 
harvesting energy from the deformation of a shoe sole and from the heel strike during 
walking. Comparing the output of a polyvinylidene fluoride (PVDF) stave, curved 
unimorph harvester and a compressible dimorph, they were able to transmit radio-
frequency identification (RFID) signals using harvested power. More recently, Moro and 
Benasciutti [17, 25] studied the energy harvesting potential of the human gait by mounting 
a piezoelectric bimorph cantilever in the heel of a running shoe. Initial experimental results 
showed a maximum of 13 µW per footstep, but with optimization of the bimorph 
configuration it was possible to achieve 395 µW per footstep. This experimentation 
confirms that there is merit in studying the human gait, and that heel acceleration alone 
could result in significant energy harvesting. However, to successfully tune a piezoelectric 
harvester to the low frequencies inherent to ambient vibrations and human motion would 
commonly require large dimensions or proof mass. This issue can be avoided by 
implementing frequency-up conversion mechanisms. These include plucking mechanisms, 
like the one explored by Pozzi and Zhu [26, 27] in their knee-joint energy harvester, 
magnetic plucking [28, 29], impact mechanisms [30], and even non-linear secondary 
resonance [31, 32]. 
Another next-generation application of piezoelectric transduction is to enable 
indoor and outdoor smart flooring and energy recovery from human locomotion. The 
motivation varies from sensing applications for tracking and security in high foot traffic 
areas and use as an additional source of markers in healthcare facilities to energy recovery 
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from vehicular or human movement on roadways and pavements. Most designs for these 
applications employ piezoelectric elements under compressive forces. Others utilize 
piezoelectric layers on a cantilevered beam host structure [33-35]. One approach to 
efficiently enabling and integrating smart flooring is discrete flooring tiles with energy 
harvesting and Internet of Things (IoT) capability [36, 37].  
1.3 Outline of the thesis  
This work explores various methods of piezoelectric energy harvesting from human 
body motions and looks at developing harvesting architectures for both on-body as well as 
flooring applications. Chapter 2 focuses on understanding the acceleration and force levels 
associated with human motion. Three activity levels are chosen: walking (3 mph), jogging 
(5 mph), and sprinting (7 mph). These acceleration and force levels are analyzed for 
periodicity and represented using Fourier series expressions, which later serve as the input 
to the models for different harvesters. Chapter 3 establishes the models developed for the 
different energy harvesting architectures explored in this work. First, the electromechanical 
model for a cantilevered piezoelectric bimorph harvester developed by Erturk and Inman 
[5] is reviewed. Next, this model is extended to periodic base excitation. The harvester 
electromechanical model is coupled with a model that is developed for non-linear 
plectrums to predict the electrical and mechanical response of a harvester to plucking 
excitation. Lastly, an electromechanical model for curved unimorph harvesters is 
discussed. Chapter 4 provides experimental validations for the analytical models described 
in chapter 3. Experiments are performed using two types of harvesters: a Piezo Systems, 
Inc bimorph and a FACE International Corporation THUNDER® harvester. The 
experiments focus on an excitation frequency range of 1-10 Hz, to capture the frequencies 
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associated with human motion and ambient vibration, and are performed over a range of 
load resistances. Finally, the last chapter discusses the conclusions and provides 




CHAPTER 2. MEASUREMENT OF HUMAN BODY 
ACCELERATION AND FORCES 
In order to understand the acceleration levels on the human body and force levels 
imparted on the floor during human motion, a series of data collection trials was run to 
quantify excitation levels for both wearable as well as floor-based applications. The 
acceleration data is of interest for base-excited cantilevered piezoelectric energy harvesters, 
while the force data is of interest for shoe-mounted curved piezoelectric energy harvesters 
in the context of this work. The measured acceleration and force levels are to be used in 
the electromechanical models of piezoelectric energy harvesting methods to be developed 
in the next chapter. The trial cases were chosen to represent walking (3 mph), jogging (5 
mph) and sprinting (7 mph). In terms of kinematic measurements (to quantify displacement 
and acceleration), the body parts chosen for this analysis were the wrist and ankle as they 
have the largest range of motion during human movement, and high energy fluctuations as 
compared to other parts of the body. The forces measured were those exerted by the human 
body onto the floor. The following summarizes the experimental measurement of these 
data by using a triaxial accelerometer and by means of a motion camera system. 
2.1 Acceleration Measurements Using a Triaxial Accelerometer 
For base-excited wearable energy harvesting applications, the focus is placed on 
using the acceleration of different body parts during regular movements, specifically for 
regions of maximum acceleration. The acceleration measurements were taken using an 
accelerometer strapped to a subject as shown in Figure 1. Speed of motion was controlled 
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using a treadmill. Figure 2 shows acceleration histories on human ankle associated with 
walking, jogging, and sprinting in terms of the gravitation acceleration g. The peak 
acceleration levels seen were as high as several g’s. 
 
Figure 1 – Triaxial accelerometer strapped to the (a) wrist and (b) ankle of a subject 
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Figure 2 – Various acceleration histories measured on human ankle during (a) 
walking, (b) jogging, and (c) sprinting  
In the electromechanical modeling and analysis sections of this thesis, it will be 
assumed that the acceleration and force associated with human motion is periodic. 
Therefore, the experimental data reported in this chapter can be approximated as periodic. 
A function is said to be periodic if it satisfies the condition outlined by Equation (1), where 
T is the period of the function.   
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where k are positive integers. Following the Fourier series expansion of the base 
acceleration, two approximations are made to truncate the expression. First, using only the 
number of terms required to ensure convergence, the summation of harmonics can be 
truncated after taking N harmonic pairs. Second, considering periodic acceleration 
fluctuation in most physical systems, the constant segment of the expansion can be 
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neglected by setting 0p  = 0. The truncated form of the Fourier series expansion now 













    
 +    
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Figure 3 shows the measured time series represented using the Fourier series 
expansion method described above. These expressions are used as an input to predict the 
electromechanical response of piezoelectric harvesters. Note that the experimental time 
series is never perfectly periodic yet using a single period and expanding the series 
accordingly is still a good approximation. While a single period analysis can be deemed 
sufficient, the entire time history of data from experiments (involving multiple periods) is 
taken as the function to be analyzed in Fourier series throughout the thesis since it is 
computationally affordable.  It is important to notice that most of the frequency content of 
these acceleration histories is in the 0-5 Hz range, which would be the expected frequency 





Figure 3 – Fourier series (with Fourier coefficients vs. Fourier frequencies) 
representation of the acceleration time series associated with (a) walking, (b) jogging, 
and (c) sprinting 
2.2 Force and Acceleration Measurements Using Motion Capture Cameras 
For floor-based vibrational energy harvesters/sensors and for shoe-inserted 
harvesters, the forces exerted by human motion on floors are of interest. The positions of 
44 points on the human body in motion were recorded during motion to understand the 
relationship between these forces and the acceleration. These measurements were taken 
using an instrumented treadmill operating at the same speeds as before combined with 
motion capture cameras shown in Figure 4. Figure 5 shows the simultaneous force and 
acceleration measurements and Figure 6 shows a sample of the motion capture data plotted 
in 3D. Since the acceleration data was already obtained as shown in the previous figure 
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with a better sampling frequency, only the force data will be used from the motion capture 
analysis.  A similar Fourier series approximation can be performed on the force data as 
shown in Figure 7. 
  
Figure 4 – Instrumented treadmill and motion capture targets on subject 
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Figure 5 – Acceleration and force histories measured during (a) walking, (b) jogging, 
(c) sprinting  
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Figure 6 – Sample output of motion capture data plotted in 3D 
 
Figure 7 – Fourier series (with Fourier coefficients vs. Fourier frequencies) 
representation of the force time series associated with (a) walking, (b) jogging, and (c) 
sprinting 
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CHAPTER 3. DEVELOPING ELECTROMECHANICAL 
MODELS FOR VARIOUS PIEZOELECTRIC HARVESTERS 
This chapter presents electromechanical models for various piezoelectric energy 
harvesting approaches explored in this work.  First, the electromechanical model for a 
cantilevered piezoelectric bimorph harvester developed by Erturk and Inman [5] is 
reviewed. Here the frequency dependent voltage and vibration response to base 
acceleration is defined. This model is then extended to periodic excitation to predict the 
electrical and mechanical response for a given load resistance. Plucking excitation of a 
cantilevered piezoelectric energy harvester is also discussed with a new modeling approach 
that accounts for the plectrum’s geometric nonlinearity. This model also establishes the 
relationships between key system parameters, such as the plectrum thickness and overlap 
length and the overall harvester power. These relationships are explored, and methods for 
maximization of power output or system optimization are described. Finally, the 
electromechanical model for a curved unimorph harvester is developed. Using the off-
resonance excitation of a piezoelectric stack as a foundation, this model is used to predict 
the electrical response of a curved unimorph harvester for given forcing amplitudes and 
frequencies.  
3.1 Electromechanical Modeling of a Base-Excited Piezoelectric Energy Harvester 
This section reviews the electromechanical model of a base-excited piezoelectric 
energy harvester derived by Erturk and Inman [5]. It is assumed that the base acceleration, 
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( )a t  is translational and the rotation term at the base of the harvester is neglected as shown 
in Figure 8.  
 
Figure 8 – Cantilevered bimorph piezoelectric energy harvester in series 
configuration under base excitation[5] 
The dynamics of a cantilevered bimorph piezoelectric harvester under base 
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where ( , )relw x t  is the transverse displacement of the neutral axis relative to moving base 
at position x and time t, ( )v t  is the voltage response across the external resistive load lR , 
ac  is the viscous air damping coefficient, sc I  is the effective strain-rate damping 
coefficient for the composite structure), m is the mass per unit length of the beam, tM  is a 
tip mass, 
eq
pC  is the equivalent capacitance of the piezoceramic layers,   is the 
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electromechanical coupling term in the physical coordinates and ( )x  is the Dirac delta 
function. For the series configuration of the bimorph, the electromechanical coupling term 
is 
31 pce bh = , where 31e  is the plane-stress piezoelectric stress constant, b is the width of 
the layers, and 
pch  is the distance from the neutral axis to the center of each piezoceramic 
layer. 
Equation (9) expresses the vibration response in terms of the modal coordinates 
( )r t and the mode shapes ( )r x , derived using standard modal analysis procedures. 
 
1
( , ) ( ) ( )rel r r
r
w x t x t 

=
=  (9) 
Equations (7) and (8) can be represented using these modal coordinates and reduced 
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where r  is the undamped natural frequency in short-circuit (i.e. constant electric field) 
conditions, r  is the modal mechanical damping ratio, r  is a modal forcing related term 
and r  is the modal electromechanical coupling. 
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For the case of harmonic base acceleration, 
0( )
j ta t A e = , the steady-state analytical 
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3.2 Periodic Base Excitation of a Cantilevered Piezoelectric Energy Harvester 
If the base acceleration is harmonic of the form given by Equation (1), then, based 
on the theory reviewed in Section 3.1, the periodic voltage output can be expressed as  
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2 2 2 2 2
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where ( )   is the amplitude and ( )  is the phase of the voltage output – to – base acceleration 
FRF for a given load resistance as defined in the previous section. The periodic power output can 
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Finally, the tip displacement – to – base acceleration FRF reviewed in the previous 
section can be used to simulate the periodic vibration response of the energy harvester for 
a given electrical load: 
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which can be used for the mechanical design and stress analysis purposes. 
3.3 Plucked Piezoelectric Bimorph Harvester for Frequency-Up Conversion 
Another energy harvesting architecture of interest is the plucking of a linear (stiff) 
piezoelectric bimorph harvester using a geometrically non-linear (flexible) plectrum [38]. 
The goal is to enable frequency-up conversion of low frequency ambient vibrations or 
human motion to the resonant frequency of the harvester. The assumption for the 
development of this model is that the plectrum exhibits large enough deformations to 
achieve the plucking excitation while the piezoelectric bimorph is relatively stiff and 
undergoes small oscillations. Figure 9 is a schematic that describes the frequency-up 
conversion process, where the overlap length d and the release height h are critical 
parameters that relate the axial shortening associated with bending deformation.  
 20 
 
Figure 9 – (a) Schematic of plucking based frequency-up conversion mechanism using 
a geometrically non-linear plectrum and a linear piezoelectric bimorph energy 
harvester and (b) relevant geometric parameters 
To define the relationship between the overlap length d and the release height h for 
a given plectrum length L, a geometrically non-linear model for the quasistatic flexible 
plectrum deformation based on the von Kármán theory is implemented. The homogenous 
differential equations governing the static deflection of a thin cantilever (flexible plectrum 
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= −  (20) 
In Equations (27) and (28), u and w are the longitudinal and transverse displacement 
variables seen in Figure 9, EA is the axial rigidity and EI is the flexural rigidity of the 
plectrum. Substituting Equations (27) and (28) into Equation (29), the transverse shear 
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The boundary conditions for the clamped ( 0x = ) end of the clamped-free plectrum 
beam with a transversely applied force ( P ) at the free end are 
 (0) 0u =  (22) 
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        
 (27) 
At the instant of the release, this quasistatic transverse tip force is the same tip force acting 
on the harvester and yields the initial displacement for the plucking motion. 
Equation (17) implies that the resultant axial force is constant ( ( )N x C= ) at every 
point on the plectrum. Furthermore, the boundary condition represented in Equation (25) 
states that the axial force is 0 at the tip, ( ) 0N L = . Therefore, ( ) 0N x =  at all points along 







= −  
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 (28) 











= −  
 
  (29) 
Considering the flexural rigidity of the uniform plectrum is constant ( EI C= ) and using 








− =  (30) 
Using the boundary conditions in Equations (23), (24), (25) and (30), the transverse beam 
deflection can be expressed in terms of the applied force 
 
( )2 3( ) 3
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w x Lx x
EI








= −  (32) 
Substituting Equation (32) into Equation (29) results in 
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which when substituted into Equation (33) gives 
 2 2 3 4 5 2 3 4 5
2
2 3 2 4 5 6
6 ( ) 20 15 3 3 20 15 3
( ) ( )
3 120 10 9 6
w x L x Lx x L x Lx x
u x w x
Lx x L x Lx x
   − + − + 
= − = −    
− − +     
 (35) 
Equation (35) defines the longitudinal deflection ( )u x of the plectrum in terms of 
a geometrically large deflection ( )w x . The axial deflection at the free end of the plectrum 
caused by transverse deflection can be defined as 






= −  (36) 
here ( ) 0u L   irrespective of the sign of ( )w L . Therefore, 
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( ) ( )
3
L
w L u L= −  (37) 
Therefore, the tip deflection, h of the plectrum at the instant of release (release 
height in Figure 9) is 
 5
3
h dL=  (38) 
where, d is the overlap length of the plectrum over the stiff harvester. Note that the 
transverse tip force P at the instant of release can be obtained by setting x L=  and 
( )w L h= . 
Next, the electromechanical model for a linear piezoelectric energy harvester 
excited by the non-linear plectrum is developed. The bimorph harvester is considered much 
stiffer than the plectrum, and therefore its behavior can be approximated by the linear 
cantilevered bimorph piezoelectric energy harvester model developed by Erturk and Inman 
[5, 16].  
Since tip deflection-based deformation is predominantly in the first bending mode, 





( , ) ( ) ( ) ( ) ( )h h r h r h
r
w L t L t L t   

=
=   (39) 
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where ( , )h hw L t  is the transverse displacement of the bimorph harvester as a function of 
overhang length hL  and 1( )hL  is the mass normalized eigenfunction, derived from the 
Euler-Bernoulli beam theory, evaluated at the cantilever tip, and 1( )t  is the modal 
coordinate. From here, the governing electromechanical equations for free vibrations are 
derived to be: 
 2
2
1 1 1 1 12
( , ) ( , )
2 ( , ) ) ( ) 0h h h h h h h
d w L t dw L t
w L t L v t
dt dt










dw L tdv t v t
C







pC  is the equivalent capacitance of the bimorph, lR  is the load resistance, ( )v t is the 
voltage across the resistance, 1 is the viscous damping ratio, 1  is the natural frequency 
of the linear bimorph harvester for the first bending mode in short circuit, and 1 is the 
modal electromechanical coupling that depends on the cross-section and material 
parameters of the bimorph [5, 16]. 
















=  (43) 
 (0) 0v =  (44) 
where, hEI is the flexural rigidity of the bimorph harvester and P is the transverse tip force 
on the harvester created by the plucking deflection h shown in Figure 9. This transverse tip 








=  (45) 
It is assumed that the quasistatic external stimulus on the plectrum (due to human 
motion – walking, etc.) is large enough to create a plucked excitation. This can be checked 
by comparing the external load to the load at release calculated in Equation (45). Then 
Equations (40) and (41) can be written in the first order form and they can be simulated in 
the time domain using the initial conditions outlined in Equations (42)-(44).  
3.4 Curved Unimorph Harvester under Direct Force Excitation 
The THUNDER® consists of a thin thickness-poled piezoelectric wafer bonded to 
a steel substrate and an aluminum superstrate. Figure 10 is a schematic of the THUNDER® 
energy harvester and its loading scenario. 
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Figure 10 – Schematic of a THUNDER® energy harvester under direct force 
excitation (applied force is parallel to 3-axis)  
The excitations considered for the electromechanical model of the THUNDER® 
transducers are low frequency (<10 Hz) to emulate human motion.  An AC input – AC 
output model was developed for excitations at these frequencies. The two main 
assumptions for this model were (1) linear electromechanical behavior, i.e. linear 
piezoelectricity [40], and (2) off-resonant low-frequency behavior, i.e. the fundamental 
resonance frequency of the harvester is sufficiently higher that the excitation frequency 
content.  
The governing low-frequency dynamics of a curved unimorph are similar to off-
resonant excitation of piezoelectric stacks operating in the thickness mode (33-mode) [41]. 
The electric current flowing through a resistive load across the electrodes is obtained from: 
[5, 37] 
 






 = D n  (46) 
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where D is the vector of electric displacement components, n is the unit outward normal 
vector, ( )v t is the voltage output across the electrodes, lR is the load resistance, and the 
integration is performed over the surface area of the electrode A . For the 31-mode of 
piezoelectricity, the relevant electric displacement component ( 3D ) is in the thickness 
direction (3- direction in Figure 10, perpendicular to the surface electrodes) and is 
represented by 
 
3 31 1 33 3
sD d S E= +  (47) 
where 1S is the bending strain (in 1- direction), 3E is the electric field (in 3- direction), 31d
is the piezoelectric strain constant, and 
33
s is the permittivity component at constant strain. 
Substituting Equation (47) into Equation (46) yields 
 ( ) ( )
( )p
l
v t dF t
C v t
R dt
+ =  (48) 
where 
pC is the internal capacitance of the piezoelectric element,  is the electromechanical 
coupling term, and ( )F t is the dynamic vertical force applied to the harvester. The 
mechanical excitation applied to the harvester could also be represented in the form of the 
dynamic strain ( )S t in the piezoelectric layer (1- direction) or the dynamic radius of 
curvature ( )t fluctuation. Thus, Equation (20) can also be represented as 
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 ( ) ( )
( )p
l
v t dS t
C v t
R dt
+ =  (49) 
or 
 ( ) ( )
( )p
l




+ =  (50) 
Note that  ,  , and  depend on the material and geometric parameters, and are 
related to each other, for example ( ) ( )pcS t h t= − , where pch is the distance of the center 
of the piezoelectric layer’s thickness from the neutral axis level in the 3- direction.  
 Assuming the force acting on the piezoelectric harvester, ( )F t  is harmonic. The 
dynamic forcing can be expressed in the form: 
 
0( )
j tF t F e =  (51) 
where 0F is the magnitude of the force,  is the frequency in rad/s, and j is the unit 
imaginary number. The steady state voltage response can now be expressed as  
 
0
( ) j tv t V e =  (52) 
Equations (51) and (52) can then be used to derive the complex voltage output – to 




0 1 l p
V j




( ) = =
+
 (53) 
which can be used to further express the power output – to – force input FRF 

















Notice that the voltage output, 0V is linearly proportional to the applied force 
amplitude 0F . Using the known relationship between power and voltage,
2( ) ( ) lP t v t R=  
there is a clear quadratic relationship between the power output and force input. At a given 
frequency, the optimal electrical load can be found as
, 1/l opt pR C= , for maximum power 
output can be calculated from Equation (54) by finding the maxima, / 0ld dR = [37]. 
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CHAPTER 4. EXPERIMENTAL RESULTS FOR CONCEPT 
DEMONSTRATION AND MODEL VALIDATION 
This chapter presents the experimental results from the concept demonstrations and 
model validation efforts for the piezoelectric energy harvesting approaches explored. Two 
different types of lead zirconium titanate (PZT) harvesters were used in the experiments 
for this work – (a) T215-H4-503X PZT bimorphs (from Piezo Systems, Inc.) and (b) 
THUNDER® TH-6R transducer (originally developed by NASA Langley Research Center 
[42] and made commercially available by FACE International Corporation) which is a 
curved unimorph harvester. All experiments are performed over a range of 1-10 Hz to 
successfully capture the low frequencies inherent in human motion and ambient vibrations. 
A wide range of resistive loads are applied to the harvesters to capture the optimal loading 
scenario, but also successfully capture open circuit and short circuit conditions. First, 
frequency response functions were generated for both harvesters by exciting them over a 
range of frequencies and measuring the electromechanical response. Next, the bimorph is 
exposed to base excitations using a barrel shaker to validate the periodic base excitation 
model. Tuning of the resonant frequency of the bimorph using tip masses is simulated using 
a combination of measured data and the theoretical model. Using the linear bearings on a 
long stroke shaker, an experimental plucking set-up is created for the bimorph. Finally, a 
direct forcing set-up for the curved unimorph harvesters is created and used to validate the 
electromechanical model. The forcing levels are limited to 1-6 N due to the flattening of 
the curvature of the harvester. 
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4.1 Cantilevered Piezoelectric Bimorph under Periodic Base Excitation 
The experimental set up along with a piezoelectric bimorph (Piezo Systems T215-
H4-503X) can be seen in Figure 11. The bimorph harvester was clamped and fastened to a 
BK Type 4809 Vibration Exciter. A Laser Doppler Vibrometer was used to measure the 
tip velocity, while the acceleration at the base was measured using a Kistler 8636C50 
accelerometer. A resistance box was used to apply a range of resistive loads across the 
output voltage from the harvester. The range of resistances was chosen to capture the 
optimal load resistance range. Finally, an NI-9223 data acquisition device was used to 
collect all the experimental measurements. The resulting fundamental short-circuit 
resonance frequency of the harvester was around 74.6 Hz, which becomes 78.8 Hz in open 
circuit as observed in Figure 12. The voltage and tip velocity were recorded for a range of 
load resistances and excitation frequencies and represented as FRFs shown in Figure 12. 
From these graphs it is clear there is very good agreement between the model and 
experimental data. Therefore, the bimorph piezoelectric energy harvesting model as 
reviewed in Section 3.1 can be confidently used for the specific excitation types (e.g. 
periodic excitation, plucking, etc.) in this work. 
Table 2 – Relevant properties of Piezo Systems Bimorph (T215-H4-503X) 
Piezoelectric Area [mm2] 31.8 × 63.5 Weight [g] 8 




Figure 11 – (a) Base excitation experimental setup; (b) close-up of the bimorph 
harvester on vertical shaker 
 
Figure 12 – Comparison of model and experimental (a) Voltage and (b) Tip Velocity 
FRFs for a range of load resistances (solid lines: model, dots: experiment) 
To test the response of the model to low-frequency periodic excitations, the 
bimorph harvester is clamped to the armature of an APS-400 long stroke shaker. The shaker 
is provided with sinusoidal, saw tooth and square wave signals to represent irregular 
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periodic excitations. These excitations are applied over a range of 1-10 Hz to capture the 
low frequency range of human motion. The voltage output from the bimorph is measured 
across the same range of resistances used above. Base acceleration and tip velocity data are 
measured as before using an accelerometer and an LDV. Figure 13 shows the experimental 
setup for these tests.   
 
Figure 13 – Low-frequency periodic excitation experimental setup and close-up 
views: (a) Shaker; (b) accelerometer; (c) bimorph harvester; (d) resistance boxes; (e) 
NI-9223 data acquisition device; and (f) signal conditioner 
A Fourier series expansion is performed on the measured base acceleration levels 
and used as the input to predict the electrical output from the harvester. The FRFs are used 
in Equations (14) – (16) to obtain the periodic electromechanical response of the harvester. 
Figure 14 shows the Fourier series representation of the base acceleration and the 
comparison of the experimental and theoretical voltage output for one excitation frequency 




Figure 14 – (a) 5 Hz Saw tooth wave input to long stroke shaker (b) Comparison of 
measured base acceleration and Fourier series expansion for the input; (c) 
comparison of measured voltage and predicted voltage output versus time for the 
above signal over a 200 kΩ load resistance 
The root-mean-square (RMS) value of the voltage time histories is used to estimate 
the average power output for the range of load resistances. Figure 15 compares analytically 
calculated values and the experimentally measured values for the RMS voltage and average 
power for the 5 Hz saw tooth excitation over the range of resistances used. There is very 
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good agreement between the model simulations and experimental measurements for 
electrical output from the harvester.  
 
Figure 15 – Comparison of model predictions and experimental data for (a) RMS 
voltage and (b) Average power output  
Using this validated electromechanical model and the period acceleration histories 
collected in Section 2.1, the electrical output is simulated for walking, jogging and 
sprinting. Figure 16, Figure 17 and Figure 18 show the output voltage time histories at the 
optimal load (20 kΩ) and average power output over a range of load resistances for the 
three excitation levels.  
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Figure 16 – (a) Output Voltage time history and (b) Average Power over a range of 
load resistances for walking excitation 
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Figure 17 – (a) Output Voltage time history and (b) Average Power over a range of 
load resistances for jogging excitation 
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Figure 18 – (a) Output Voltage time history and (b) Average Power over a range of 
load resistances for sprinting excitation 
It is observed that the optimal power output follows the expected trend of increasing 
with increased human motion pace. However, it is important to note that there is a 
significant mismatch between the excitation frequency content and the resonance 
frequency of the harvester used for these simulations (~ 75 Hz). This gap can be bridged 
by reducing the harvester’s resonance frequency by adding tip mass. The resonance 
frequency of the cantilevered bimorph harvester is tuned to 25Hz, using a simulated 8.95 
g mass, and 50 Hz, with a 1.42 g mass, in addition to the natural frequency of 75 Hz. Figure 
19 compares the average power output possible with the tuned resonance frequencies of 
the harvester. As expected, the smaller the mismatch between the resonance frequency and 
the frequency content of the excitation, the higher the electrical output. It is important to 
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consider the deformation the designed harvesters experience under the human motion 
excitations. Figure 20 shows the maximum power and vibration levels of the three designs. 
 
Figure 19 – Average Power output at the different tuned resonance frequencies (75Hz, 
50Hz, 25Hz) of the harvester for the same excitation and load resistances 
 
Figure 20 – Overall power and vibration levels of the three harvester designs for 
walking, jogging, and sprinting. 
 
 42 
4.2 Plucked Piezoelectric Bimorph Harvester 
The bimorph used in this set of experiments is the same as the one used in section 
4.1, therefore the same electromechanical modeling parameters can be used in the analysis. 
Figure 21(a) shows the experimental setup for plucking-based energy harvesting, while 
Figure 21(b) depicts the deflection of the non-linear plectrum compared to the linear 
bimorph harvester during plucking excitations. A sheet of 0.05 mm (much thinner than the 
bimorph harvester) thick stainless steel is cut to the same width as the bimorph (31.8 mm) 
to be used as the nonlinear plectrum. The plectrum is clamped to the armature of a long 
stroke shaker, with the ability to slide the plectrum in the clamp to vary overlap length. The 
linear bearings in the long stroke shaker were used to ensure that the plucking motion is 
confined to the necessary direction. The plucking excitations are performed for a range of 
plectrum overlap lengths, 2 mm to 10 mm, and the electrical output is recorded over a range 
of load resistances, 20 Ω to 20 MΩ. The tip displacement of the harvester is measured 
using an LDV, while the output voltage from the harvester is recorded on an NI-4431 DAQ.  
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Figure 21 – (a) Experimental setup showing the bimorph harvester and the plectrum; 
(b) close up views of the plucking deformation of the geometrically nonlinear (flexible) 
plectrum compared to the geometrically linear (stiff) harvester 
Combining the non-linear plectrum and the linear harvester model allowed for 
simulations of the voltage output and the tip velocity of the harvester. Figure 22 compares 
the voltage and tip velocity simulations to experimental data (at optimal electrical load, 20 
kΩ) for the two extreme overlap lengths explored. There is very good agreement between 




Figure 22 – Voltage and tip velocity time histories at the optimal load resistance of 20 
kΩ for (a) 2 mm overlap and (b) 10 mm overlap 
Once a plectrum and harvester are selected, the key input variable to the combined 
non-linear plectrum and linear harvester model is the overlap length d. Equation (38) 
describes the relationship between the overlap length d and the release height or initial tip 
deflection h. As expected, variation in the overlap length alters the initial tip deflection, 
and therefore also the initial tip force applied on the harvester. This relationship is 
described in Equation (45). Changing the applied initial tip force affects the harvested 
power output. This relationship between overlap length and harvested power is illustrated 
in Figure 23. Figure 24 highlights this relationship in the optimal resistive load scenario. It 
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is important to note the difficulty in successfully creating a zero-velocity initial condition 
in experiments, which is a major cause of the mismatch between model simulations and 
experimental data points. However, there is still a very good agreement between the two 
data sets. 
 
Figure 23 – Effect of overlap length on average power recorded over a range of load 
resistances (model simulations and experimental data) 
 
Figure 24 – Effect of overlap length on average power at optimal load resistance (20 
kΩ)  
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With a validated electromechanical model, the effects on tip force and deflection 
as well as harvested power with variation of critical system parameters, such as the 
plectrum thickness and overlap length, are simulated for the same set up shown in Figure 
21. The quasistatic transverse tip force transmitted to the harvester and corresponding 
harvester tip displacement are modeled as a function of plectrum thickness and overlap 
length. As expected, the harvester tip displacement follows a similar trend to the tip force. 
The maximum tip force of 0.21 N corresponding to a maximum tip deflection of 0.44 mm 
is seen when the plectrum thickness and overlap are at the maximum simulated values.  
The variation in tip force and tip deflection over the simulated parameter range can be seen 
in Figure 25. Increasing either the plectrum thickness or the overlap length would result in 
a higher force applied to the harvester. Note that the simulated tip displacement of the 
harvester is an order of magnitude lower than those seen in the bimorph under base 
excitation. The maximum tip displacement simulated does not exceed a value that would 
result in failure of the harvester. 
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Figure 25 – Simulated (a) tip force and (b) initial tip displacement of the harvester 
with variation in plectrum thickness and overlap length 
Next, the effect of varying system parameters on the electrical output is simulated. 
Increasing the overlap length and the plectrum thickness increases the average power 
output from the harvester. Figure 26 shows the variation in average power with plectrum 
thickness at the two extreme overlap length cases (2 mm and 10 mm). This trend is seen 
for all overlap lengths in Figure 27. Figure 28 shows the average power at optimal load 
increases by approximately 4 order of magnitude (0.15 µW to 108 µW) as the overlap 




Figure 26 – Average power output versus plectrum thickness and load resistance for 
(a) 2 mm and (b) 10 mm overlap length 
 
Figure 27 – Average power output for all simulated overlap lengths versus plectrum 
thickness and load resistance 
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Figure 28 – Optimal power output (at 20kΩ) versus plectrum thickness for all overlap 
lengths 
4.3 Curved Unimorph Harvester under Direct Force Excitation 
The experimental setup used to characterize the THUNDER® TH-6R curved 
unimorph harvester is shown in Figure 29. The relevant properties of the sample used are 
listed in Table 3. To simulate simple boundary conditions (free to slide in 1-direction in 
Figure 10 to allow mechanical strain) the harvester is mounted to an acrylic base using four 
4-40 screws. The base is attached to a Newport stand, and the harvester is horizontally 
compressed using an APS-400 long stroke shaker. A force transducer (PCB U0228D01), 
mounted to the top electrode of the harvester using magnets, is used to measure the force 
applied. A VCS201 controller is used to fix the applied force level over a range of 
frequencies. A resistive 1:10 voltage divider load across the sample is created using two 
resistance boxes. A range of load resistances were tested to capture the optimal load 
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resistance. An NI-9223 data acquisition device is used to record the force and voltage 
measurements.  
Table 3 – Relevant properties of curved piezoelectric transducer (THUNDER® TH-
6R) 
Piezoelectric Area [mm2] 50.8 × 50.8 Dome Height [mm] 4.24 
Thickness [mm] 0.38 Piezoelectric Capacitance [nF] 68 
 
Figure 29 – Experimental setup and close-up views: (a) Shaker; (b) data acquisition 
hardware; (c) controller; (d) resistance boxes; (e) signal conditioner for the force 
transducer; (f) stinger; (g) force transducer; (h) acrylic mounting base; and (i) 
THUNDER® TH-6R harvester 
The experiments attempt to represent the low frequencies inherent to human motion 
by focusing on a frequency range of 1-10 Hz. Using the controller to provide a specific 
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forcing amplitude, the harvester is subjected to harmonic excitations. It is noted that at 
RMS forcing levels of 8N caused the curved harvester to “bottom out” and become flat; 
limiting the experimental forcing levels from 1 to 7 N. The voltage output is measured 
across a range of load resistances (100 kΩ, 250 kΩ, 300 kΩ, 500 kΩ and 750 kΩ). The 
RMS voltage output is calculated across these load resistances for each forcing level. The 
experimental measurements are compared to theoretical solutions simulated using the 
frequency response functions represented by Equations (53) and (54) from the model 
developed in Section 3.4. The value for the electromechanical coupling term (θ) is 
computed for a specific case as 2.929 × 10−7 C/N. The equivalent capacitance of the 
THUNDER® element is measured experimentally to be 68 nF. For a given excitation 
frequency (in rad/s), the optimal load resistance is 1/ pC . 
Figure 30 shows the voltage and power frequency response curves in 3D and 2D. 
In these figures, the experimental output to input ratio is extracted at all force levels to 
confirm repeatability. A close agreement is seen between the trends predicted by the 
analytical model and the experimental results, and the fixed set of system parameters (θ, 
Cp) successfully represented the governing dynamics of the curved piezoelectric energy 
harvester. Any error seen is likely due to the change in the nominal static equilibrium 





Figure 30 – (a) Voltage output-to-force input FRFs and (b) Power output-to-force 
input FRFs of the THUNDER® TH-6R energy harvester for the tested range of load 
resistances 
The average power is calculated using the RMS voltage. Both these values are then 
plotted versus the different RMS force levels applied to the harvester. In the model 
developed for a curved unimorph harvester, Equations (53) and (54) describe a linear 
relationship between voltage and force, whereas the power is proportional to the square of 
the force. Figure 31 and Figure 32 compare the experimentally measured values of RMS 
voltage and average power to the RMS forcing levels applied to the harvester. A clear linear 
dependence between voltage and force is observed in Figure 31 and the quadratic 
relationship between power and force can be seen in Figure 32. The large deviations 
between the model and experiment at higher frequencies can be attributed to potential 
nonlinearities that are beyond the scope of this work. 
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Figure 31 – RMS Voltage output levels for various RMS force levels at 1 Hz (250 kΩ) 
and 2 Hz (for 100 kΩ) 
 
Figure 32 – Average power output levels for various RMS force levels at 1 Hz (250 
kΩ) and 2 Hz (for 100 kΩ) 
Next, similar to the bimorph case, the model for the curved unimorph harvester is 
experimentally validated for periodic excitations. Using the same experimental setup as 
before, a saw tooth direct forcing excitation is applied to the THUNDER® TH-6R 
harvester. The experimental forcing levels (RMS) used for this set of experiments is 1-6 N 
with a frequency of 1-10 Hz. The electrical output is recorded over 20 different resistance 
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values from 1 kΩ to 2 MΩ. Figure 33 highlights the time history of the electric response 
for the 1N loading scenario at two different excitation frequencies (1 and 2 Hz). A very 
good agreement is observed between the experimentally voltage time histories and the 
voltage output predicted by the model. Figure 34 and Figure 35 show the relationship 
between the RMS amplitude of the saw tooth direct force excitation and the electrical 
output. 
 
Figure 33 – Comparison of (a) experimentally measured voltage time histories and 
the model for 1 N forcing at (a) 1 Hz (Load resistance 2 MΩ and (b) 2 Hz (Load 




Figure 34 – RMS Voltage output levels for various RMS force levels at 1 Hz (2 MΩ) 
and 2 Hz (for 1 MΩ) 
 
Figure 35 – Average power output levels for various RMS force levels at 1 Hz (2 MΩ) 
and 2 Hz (for 1 MΩ) 
This fully validated electromechanical for curved unimorph harvesters can now be 
used to be predict the theoretical maximum power generation capability of human motion. 
The periodic force histories recorded in Section 2.2 are used as the input to the direct 
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forcing model and the electrical output is simulated for walking, jogging and sprinting. 
Figure 36, Figure 37, and Figure 38 show the output voltage time histories at 1000 kΩ and 
the average power output over a range of load resistances for the three excitation histories.  
 
Figure 36 – (a) Output Voltage time history and (b) Average Power over a range of 





Figure 37 – (a) Output Voltage time history and (b) Average Power over a range of 





Figure 38 – (a) Output Voltage time history and (b) Average Power over a range of 
load resistances for sprinting excitation 
Again, it is observed that the optimal power output follows the trend of increasing 
with increased human motion pace – like in the case of the bimorph under base excitation. 
However, it is important to consider that the forcing amplitudes recorded during human 
motion are much higher than what is required to collapse (bottom-out) or even shatter the 
piezoelectric layer on the curved unimorph. Therefore, while the model predicts that power 
on the order of Watts can be harvested using this configuration, it ignores the deformation 
of the harvester. This issue can be mitigated by stacking multiple elements, thereby 
increasing the maximum load the stack can withstand or with novel load transfer 
mechanisms that protect the energy harvesters.   
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CHAPTER 5. CONCLUSIONS  
This thesis explored various architectures for piezoelectric energy harvesting from human 
body motions. Analytical models for voltage and power output from three different 
harvester configurations were developed and experimentally validated. Specifically, 
piezoelectric transduction for the scenarios of (1) direct base excitation of cantilevered 
bimorph configuration without/with a tip mass; (2) plucking of a bimorph cantilever using 
a flexible/nonlinear plectrum; and (3) direct force excitation of a curved unimorph 
(THUNDER® configuration) were explored. Table 4 shows the maximum power outputs 
of various excitation mechanisms and piezoelectric energy harvesting methods, including 
periodic excitation of bimorphs, plucking case, curved unimorph under direct forcing. 
Overall, it has been shown in this work that the experimental results closely follow the 
trends seen in the analytical models. The higher error seen for the curved unimorph 
configuration are attributed to potential nonlinearities that are beyond the scope of this 
work. Typical average power output levels are on the order 10-100 μW and can easily 







Table 4 – Experimental data vs. model predictions of the maximum power output for 
the optimal electrical load for different excitation methods 




Saw Tooth Base 
Excitation 3.95 µW/g2 3.14 µW/g2 
Plucking 




Forcing (1 Hz) 0.95 µW/N2 0.84 µW/N2 
Harmonic Direct 
Forcing (2 Hz) 1.17 µW/N2 1.34 µW/N2 
Saw Tooth Direct 
Forcing (1 Hz) 13.23 µW/N2 6.10 µW/N2 
Saw Tooth Direct 
Forcing (2 Hz) 6.46 µW/N2 7.13 µW/N2 
Using the validated electromechanical models and measured human body acceleration and 
force levels, predictions are made for the maximum power harvesting capabilities of these 
harvesters. Table 5 compiles the predictions made for energy harvesting from a 
cantilevered bimorph under base excitation and the direct forcing of a curved unimorph. 
The models predict usable power on the scale of micro-watts for the bimorph, and watts 
for the curved unimorph harvester. However, the curved unimorph model does not consider 
the deformation of the harvester, and therefore the actual power harvested will likely be 
much lower. It is seen that both configurations result in micro-watt level power generation 
per unit acceleration or force. Improvements in the efficiency of piezoelectric energy 
harvesting along with development of associated architectures could result in an increase 




Table 5 – Modeled theoretical maximum power output from human loads applied to 
(a) base excited bimorph and (b) curved unimorph under direct forcing  
  
  
(a) Base Excitation of 
Bimorph 
(b) Direct Forcing of Curved 
Unimorph 










Walk (3 mph) 0.52 0.34 0.34 0.53 
Jog (5 mph) 11.63 0.69 2.13 0.85 
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